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Description  of  the  Scientific  Research  Goals 

The  goals  of  this  research  were  to  constructively  interact  with  and  alter  vortical  structures 
embedded  within  boundary  layers.  The  concept  of  selective  interaction  was  developed  which  utilized 
information  about  the  location  of  the  vortical  structures  so  that  the  interaction  could  be  tailored  to 
more  efficiently  alter  the  eddies.  Different  types  of  mechanisms  were  deployed  to  alter  the  eddies 
including  suction,  blowing,  actuators,  etc.  These  methods  altered  the  development  of  streamwise 
vortices  sufficiently  that  their  breakdown  and  mixing  were  significantly  delayed. 

Sknificant  Results  Obtained 

The  experiments  in  air  were  all  conducted  in  the  University  of  Southern  California  Gortler 
wind  tunnel  described  in  detail  by  Swearingen  &  Blackwelder  (JFMl  82.255. 1987Y  The  concave  test 
plate  has  a  span  of  1.2m,  is  2.4m  long,  and  has  a  radius  of  curvature  of  3.0m.  The  fi'eestream  u' 
turbulence  level  was  less  than  0.07%  and  spanwise  deviations  in  the  free  stream  velocity  along  the 
spanwise  direction  were  less  than  0.5%  across  the  test  section. 

Suction  was  the  first  mechanism  employed  to  alter  the  streamwise  vortices.  It  was  applied  m 
an  boundary  layer  consisting  of  a  Artier  instability  developing  on  a  concave  wall.  This  flow  produces 
streamwise  vortices  and  elongated  low  speed  regions  between  them  analogous  to  the  low  speed 
streaks  in  turbulent  boundary  layers.  These  emulated  streaks  are  steady  and  thus  pose  a  more 
controlled  eddy  structure  than  in  the  turbulent  boundary  layer.  They  grow  downstream,  become 
unstable  and  breakup  in  an  analogous  fashion  to  their  counterparts  in  the  turbulent  boundary  layer. 
Suction  was  employed  through  individual  holes  drilled  along  streamlines  in  the  spanwise  region 
between  two  vortices.  The  hole  patterns  utilized  different  diameters  and  geometrical  configurations 


on  the  wall.  Air  was  withdrawn  through  the  holes  to  provide  discrete  points  of  suction.  Differing  rates 
of  suction  through  the  holes  was  used  to  explore  the  effects  upon  the  eddy  structure.  Visualization 
images  from  a  smoke- wire  were  captured  using  a  video  camera  and  hot-wire  data  were  analyzed  to 
determine  the  best  suction  rates. 

The  principal  results  from  the  suction  were  reported  in  the  attached  AIAA  Journal  article 
(AIAA  J,  vol  33,  1076,  1995).  The  suction  significantly  delayed  the  development  of  the  low  speed 
regions  and  their  breakdown.  The  amount  of  suction  required  was  quite  small;  being  an  order  of 
magnitude  smaller  than  that  required  for  the  asymptotic  suction  profile.  It  was  applied  through  a  finite 
number  of  discrete  holes  to  keep  the  velocity  through  the  hole  sufficiently  small.  For  larger  suction 
rates,  the  velocity  through  the  suction  holes  was  sufficiently  large  that  it  promoted  an  additional 
instability  along  the  low  speed  streaks.  Streamwise  slits  would  provide  better  results.  Nevertheless, 
the  suction  delayed  the  breakdown  of  the  low  speed  region  by  10  to  20  boundary  layer  thicknesses 
downstream.  By  analogy,  it  should  reduce  the  production  of  turbulent  energy  in  a  turbulent  boundary 
layer. 


A  second  mechanism  for  interacting  with  the  streamwise  vortices  consisted  of  a  small  delta 
wing  made  of  spring  steel.  The  leading  edge  of  the  wings  were  swept  approximately  75“  back  from 
the  mean  flow.  Various  geometries  were  studied  and  its  length  scales  were  optimized  to  interact  with 
the  pre-existing  streamwise  vortices.  Typically  the  delta  wings  had  a  chord  of  30-44  mm  and  a 
thictoess  of  0. 1mm.  Their  spanwise  length  of  22  mm  was  approximately  the  distance  between  the 
naturally  occurring  stationary  Gortler  vortices.  The  delta  wings  were  mounted  flush  with  the  wall  at 
various  streamwise  locations  from  the  leading  edge.  The  trailing  edge  of  the  wing  was  always  in 
contact  with  the  wall  and  the  oscillation  provided  an  unsteady  angle  of  attack.  The  wing  was  placed 
at  various  locations  with  respect  to  the  low  speed  regions.  Its  orientation  with  respect  to  the  low 
speed  regions  was  found  to  be  a  critical  parameter  in  the  study  as  discussed  later.  The  actuator  was 
oscillated  with  amplitudes  between  zero  and  five  viscous  scale  heights  and  at  frequencies  between  20 
and  400  Hz;  i.e.  .005  <  f»v/u,^  <0.1.  Initially  the  delta  wing  was  driven  by  an  acoustic  speaker,  but 
later  results  were  obtained  using  a  piezo-ceramic  bimorph  located  on  the  flush  mounted  region  of  the 
wing.  The  streamwise  velocity  was  measured  by  rakes  of  hot-wires  in  the  normal  and  spanwise 
directions  located  downstream  of  the  actuator  on  the  concave  wall.  In  addition,  a  smoke  wire  was 
used  to  visualize  the  low  speed  streaks  and  their  subsequent  breakdown.  Some  of  the  main  results 
were  reported  in  ASME  FED- Vol  193  on  Turbulence  Control(see  attached  paper). 

The  results  of  the  perturbation  were  striking.  The  smoke  visualization  indicated  that  the 
breakdown  of  the  low  speed  region  between  the  streamwise  vortices  was  delayed  by  10  to  20 
boundary  layer  thicknesses  depending  upon  the  amplitude  and  frequency  of  the  delta  wing.  This  was 
verified  by  the  velocity  measurements.  When  the  actuator  was  properly  orientated,  the  velocity  deficit 
in  the  low  speed  region  was  always  reduced  by  the  excitation.  Not  only  was  the  deficit  reduced,  but 
the  spatial  extent  of  the  strong  spanwise  shear  was  reduced  as  well.  This  appeared  to  be  the  key 
element  of  the  control;  i.e.  the  strength  of  the  spanwise  shear  was  reduced  thus  delaying  the 
secondary  instability  that  led  to  the  breakdown.  With  oscillation  amplitudes  of  one  viscous  scale,  the 
streamwise  velocity  fluctuations  at  the  control  location  downstream  had  a  corresponding  decrease 
of  approximately  50%.  Thus  it  is  clear  that  only  a  very  small  amplitude  oscillation  in  the  wall  region 
is  sufficient  to  have  a  strong  and  profound  effect  on  the  transitional  boundary  layers. 


The  vortices  ultimately  broke  down  further  downstream.  This  was  found  to  be  due  to  an 
inviscid  instability  that  developed  on  the  shear  in  the  vertical  direction.  Thus  although  the  spanwise 
shear  was  reduced,  the  vertical  shear  increased  and  it  was  believed  that  this  was  the  reason  that  the 
low  speed  region  ultimately  broke  down  in  the  excited  case.  It  was  also  observed  that  the  breakdown 
location  was  a  strong  nonlinear  function  of  the  excitation  amplitude.  It  was  suspected  that  the 
movement  and  strength  of  the  disturbance  vortices  must  depend  upon  their  relative  location  with 
respect  to  the  original  Gortler  vortices.  This  may  help  explain  the  non-linearity  encountered  in  the 
amplitude  of  the  disturbance. 
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Control  of  Streamwise  Vortices  Using 
Selective  Suction 


Roy  Y.  Myose* 

Wichita  State  University,  Wichita,  Kansas  67260-0044 
and 

Ron  F.  Black  welder’^ 

University  of  Southern  California,  Los  Angeles,  Los  Angeles,  California  90089-1 191 

The  breakdown  of  streamwise  vortices  was  controlled  using  selective  suction.  A  Gortler  flowfield  was  used 
to  produce  streamwise  vortices  emulating  turbulent  boundary-layer  eddies  in  a  steady  laminar-like  environment 
Suction  was  applied  at  single  locations  under  the  low-speed  region  between  counter-rotating  vortex  pairs.  A  suction 
coefficient  two  orders  of  magnitude  less  than  that  required  for  an  asymptotic  profile  was  sufficient  to  significantly 
delay  the  breakdown  of  the  vortices.  At  high-suction  rate,  however,  premature  breakdown  resulted  due  to  the 
creation  of  an  additional  instability  in  the  spanwise  direction.  Results  suggest  that  an  ideal  control  method  should 
produce  fuller  profiles  in  the  normal  direction  and  eliminate  the  difference  between  low-  and  high-speed  regions 
in  the  spanwise  direction. 


Nomenclature 

A  £  =  effective  suction  area 

As  =  suction  area 

Cs  =  suction  coefficient,  Qs/(AeUoq) 

Qs  =  volumetric  flow  rate  of  suction 

Uoo  =  freestream  velocity 

Vw  =  velocity  through  wall,  Qs/As 

x,y,z  =  streamwise,  normal,  and  spanwise  distance 

8  =  boundary-layer  thickness 

Introduction 

UCnON  has  been  used  to  manipulate  and  control  boundary 
layers  in  many  diverse  conditions  ranging  from  the  delay  of 
transition  to  the  removal  of  turbulent  boundary  layers.  During  the 
1960s,  lest  flights  of  the  X-21  aircraft  demonstrated  the  feasibility 
of  maintaining  laminar  flow  over  the  wing  using  suction  through 
many  small  spanwise  slots.  ‘  Recent  test  flights  of  a  modified  F- 1 6XL 
aircraft  using  suction  through  a  wing  glove  to  maintain  laminar  flow 
suggests  a  drag  reduction  on  the  order  of  about  8%. 

In  the  past,  suction  and  other  conu^ol  methods  have  been  utilized 
over  entire  surfaces  without  regards  to  the  structure  of  the  boundary 
layer.  That  is,  the  suction  has  been  applied  as  uniformly  as  possible 
over  the  entire  surface.  This  alters  the  mean  velocity  uniformly  and 
gives  it  a  fuller  profile.  Such  profiles  (known  as  the  asymptotic  suc¬ 
tion  profile)  are  more  stable  and  produce  a  higher  critical  Reynolds 
number.^  Thus,  this  technique  is  useful  for  delaying  transition  and 
reducing  the  overall  drag  of  a  body.  The  fuller  profile  produces 
a  larger  shear  stress  at  the  wall  which  increases  the  laminar  skin 
friction.  However,  if  the  suction  can  maintain  a  laminar  flow,  the 
skin  friction  is  less  than  the  turbulent  case,  and  the  overall  drag  is 
reduced.  In  the  turbulent  boundary  layer,  uniform  suction  and  the 
fuller  profile  associated  with  it  will  always  produce  a  larger  shear 
stress  and,  hence,  increase  the  drag. 

The  novel  aspect  of  the  present  experiment  is  that  the  suction  (i.e., 
the  control  method)  is  employed  selectively.  That  is,  the  control  is 
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not  applied  uniformly  over  the  entire  flowfield,  but,  instead,  is  de¬ 
signed  to  act  selectively  on  the  identifiable  eddies  (e.g.,  low-speed 
streaks).  In  turbulent  bounded  shear  flows,  the  growth  and  break¬ 
down  of  low-speed  streaks  are  closely  associated  with  the  bursting 
process.^’^  This  method,  therefore,  requires  some  advanced  knowl¬ 
edge  about  the  eddies  themselves  (e.g.,  their  location)  along  with 
some  knowledge  of  their  dynamics.  Given  such  information,  the 
suction  can  be  employed  beneficially  to  interfere  with  the  growth 
and  movement  of  the  eddies  and  thus  interrupt  the  Reynolds  stress 
production.^ 

Johansen  and  Smith^  used  small  longitudinal  cylinders  to  an¬ 
chor  meandering  low-speed  streaks  to  known  locations.  Roon  and 
Blackwelder^  used  these  longitudinal  roughness  elements  combined 
with  suction  (selectively)  at  the  wall  underneath  the  same  spanwise 
location  as  the  low-speed  streak  and  found  that  the  number  and  dura¬ 
tion  of  low-speed  streaks  decreased.  Gad-el-Hak  and  Blackwelder^ 
artificially  generated  single  and  periodic  hairpin  eddies  in  a  laminar 
boundary  layer,  and  then  used  a  streamwise  oriented  suction  slot  to 
successfully  eliminate  this  hairpin  eddy. 

In  the  present  experiment,  selective  suction  was  employed  in  an 
emulated  boundary  layer  to  lest  its  effects  in  a  controlled  environ¬ 
ment.  This  differs  from  the  turbulent  boundary  layer  used  by  Roon 
and  Blackwelder’  (which  involves  streak  identification  issues)  or  the 
solitary  artificially  generated  structure  utilized  by  Gad-el-Hak  and 
Blackwelder*  (as  opposed  to  multiple  streaks  spatially  offset  in  the 
spanwise  direction).  The  present  emulated  boundary  layer  consists 
of  a  Gorlier  instability  developing  on  a  concave  wdl.  Swearingen 
and  Blackwelder^  have  shown  that  the  resulting  weak  streamwise 
vortices  produce  elongated  low-speed  regions  analogous  to  low- 
speed  streaks  in  turbulent  boundary  layers.  These  emulated  streaks 
are  steady  and,  thus,  provide  a  more  controlled  eddy  structure  than 
in  the  turbulent  boundary  layer;  at  the  same  time,  they  have  normal¬ 
ized  scales  comparable  to  the  turbulent  boundary-layer  structure.  As 
the  emulated  streaks  grow  downstream,  they  become  unsuble  and 
breakdown  in  a  fashion  analogous  to  their  counterpart  in  the  turbu¬ 
lent  boundary  layer.  The  present  experiment  also  differs  from  the 
previous  experiments  in  that  suction  was  applied  pointwise  through 
single  holes  (which  would  have  practical  design  advantages)  rather 
than  a  streamwise  oriented  slot. 

Experimental  Method 

The  experiment  was  conducted  in  the  low-turbulence  open  re¬ 
turn  wind  tunnel  shown  schematically  in  Fig.  1.  The  test  section  is 
245  cm  long  in  x  with  a  15  cm  in  y  by  120  cm  in  z  cross  section 
and  a  320  cm  radius  of  curvature  concave  test  wall.  Detail  A  of 


1076 


MYOSE  AND  8LACKWELDER:  CONTROL  OF  STREAMWISE  VORTICES 


1077 


t 

pq 


0.  tern 
cJlamerer 


Concave  wall 
fesT  sec  Mon 


Fig.  1  Experimental  setup. 


Fig.  2  Experimental  situation:  uppermost  vortex  shows  inflectional 
velocity  profile,  center  vortex  pair  shows  inflectional  profile  in  the  span* 
wise  direction  and  development  and  breakdown  of  low-speed  streak, 
lowermost  vortex  pair  shows  effective  suction  area.  Two  of  the  nine  suc¬ 
tion  holes  (depicted  by  •),  each  of  which  is  located  under  the  low-speed 
streak,  are  shown.  Scale  in  the  streamwise  x  direction  is  compressed 
relative  to  the  other  directions. 


Fig.  1  shows  the  wall  boundary-layer  removal  device  which  is  used 
to  tangentially  remove  the  tunnel  side  wall  boundary  layer.  This 
ensures  that  the  origin  of  the  test  section  boundary  layer  begins  at 
the  concave  wall  leading  edge.  The  change  in  pressure  coefficient 
in  the  wind  tunnel  is  <5(dCp/dLc)  ^  -3  x  10^^  for  x  >  70  cm  (i.e., 
where  the  measurements  were  taken).  Thus,  the  pressure  gradient  is 
constant  and  slightly  favorably.  Additional  details  of  the  wind  tun¬ 
nel  are  given  by  Swearingen  and  Blackwelder.*  A  pitot-static  tube 
and  pressure  transducer  system  was  used  to  maintain  a  freestream 
velocity  of  U^o  =  500  cm/s  ±1%  throughout  the  course  of  this 
experiment. 

Suction  was  applied  pointwise  at  x  :=  40  cm  through  nine  individ¬ 
ual  0.1-cm-diam  holes  located  at  nine  different  spanwise  positions 
between  counter-rotating  streamwise  vortex  pairs  (i.e.,  under  the 
low-speed  regions)  as  depicted  in  Fig.  2.  Air  was  sucked  out  of  the 
individual  holes  yia  Tygon  tubing/Masterflex  tubing  pump  system 
as  shown  in  detail  B  of  Fig.  1 .  The  suction  flow  rate  was  measured 
by  a  variable  area  flow  meter.  Varying  suction  rates  were  applied 
to  explore  their  effect  on  the  eddy  structure.  A  sheet  of  smoke  was 
introduced  at  x  =22  cm  and  y  =  0.14  cm  (y/^Biaiim  ^  0.35)  us¬ 
ing  the  smoke-wire  technique.^  The  resulting  smoke  patterns  were 
then  recorded  using  a  charge  coupled  device  (CCD)  camera  and 
super-video  home  system  (S-VHS)  video  system.  Streamwise  ve¬ 
locity  measurements  were  taken  under  select  conditions  by  travers¬ 
ing  a  single  sensor  hot  wire.  The  standard  hot-wire  measurement 
technique**  was  used  in  this  experiment. 


The  amount  of  applied  suction  is  defined  by  the  suction  coeffi¬ 
cient  Cs  =  Vw/^oo  where  is  the  normal  velocity  through  the 
wall-  In  the  case  of  uniform  suction,  the  normal  velocity  through 
the  wall  is  then  given  by  =  QslAs  where  Qs  is  the  volumet¬ 
ric  flow  rate  of  suction  and  As  is  the  applied  suction  area.  Since 
suction  is  applied  under  a  very  large  area  in  this  case,  the  average 
velocity  through  the  wall  is  rather  small.  In  the  case  of  pointwise 
suction  utilized  in  this  experiment,  the  associated  volumetric  flow 
rate  is  relatively  small.  However,  the  velocity  through  the  wall  is 
relatively  large  due  to  the  fact  that  suction  is  applied  at  a  single 
point  through  a  small  hole  area.  To  allow  comparison  with  uniform 
suction,  especially  the  asymptotic  suction  profile  case,  the  suction 
coefficient  is  defined  as  Cs  =  Qs/iAs  •  U^)  where  Ae  is  the  area 
over  which  the  suction  has  an  effect.  There  are  two  possible  schemes 
for  characterizing  this  effective  area.  One  scheme  is  to  determine  the 
downstream  area  which  the  suction  affects.  This  would  require  de¬ 
termining  the  downstream  location  where  low-speed  streaks  break 
down  with  and  without  suction.  The  region  of  downstream  delay 
in  breakdown  would  then  be  used  as  the  effective  area.  However,  it 
would  then  be  difficult  to  ascribe  a  suction  coefficient  for  a  case  with 
no  delay  (i.e.,  an  effective  area  of  zero)  as  well  as  cases  involving 
early  breakdown.  Since  the  low-speed  streak  undergoes  growth,  an¬ 
other  scheme  for  characterizing  the  effective  area  is  to  view  the  role 
of  suction  as  reversing  (or  reducing)  the  effects  of  this  growth  which 
occurred  upstream.  This  second  scheme,  as  described  subsequently, 
was  chosen  for  the  purposes  of  comparison  with  the  asymptotic 
suction  case. 

Although  the  instability  responsible  for  developing  the  vortical 
system  in  Gortler  flow  commences  close  to  the  leading  edge,  a 
small  streamwise  distance  is  required  before  its  effect  is  noticeable. 
According  to  Swearingen  and  Blackwelder,*^  the  boundary  layer  is 
Blasius-like  for  at  least  the  first  10  cm.  Since  the  purpose  of  the 
suction  is  to  reduce  or  eliminate  the  low-speed  region  that  results 
from  the  streamwise  vortices,  the  suction  holes  at  x  =40  cm  try  to 
reverse  the  effects  of  the  previous  30  cm.  Consequently,  an  effective 
streamwise  suction  length  of  30  cm  was  used.  Since  the  average 
spanwise  spacing  between  low-speed  regions  is  3.2  cm,  the  effective 
suction  area  A  £  is  96  cm’. 

Results  and  Discussion 

Figure  2  depicts  the  experimental  situation.  Because  of  the  up¬ 
draft  action  between  pairs  of  counter-rotating  streamwise  vortices 
removing  low-momentum  fluid  away  firom  the  wall,  an  inflectional 
velocity  profile  results  in  both  the  normal  and  spanwise  directions. 
When  particulates  such  as  smoke  are  introduced  into  this  vortical 
flow  system,  the  smoke  coalesces  to  the  low-speed  region  resulting 
in  a  streak-like  visual  pattern.  Downstream,  this  low-speed  streak 
develops  a  secondary  instability  and  then  breaks  down.  The  suction 
is  applied  in  this  experiment  to  reduce  the  instability  and  delay  the 
breakdown  of  the  low-speed  streak.  Although  many  different  suction 
rates  were  tested,  results  for  three  suction  coefficients  of  C5  = 
2.4  X  (optimum),  7.2  x  10“^  (moderate),  and  20  x  10”^  (large) 
are  presented  in  detail.  In  comparison,  the  amount  of  suction  (i.e.,  C5 
or  Qs)  required  for  the  asymptotic  profile^*’  over  a  comparable  area 
is  more  than  an  order  of  magnitude  larger  (see  Table  1).  It  should 
be  noted,  however,  that  this  comparison  with  asymptotic  suction 
should  be  done  with  care.  In  asymptotic  suction,  the  purpose  is  to 
maintain  laminar  flow,  and  the  method  used  is  uniform  suction;  this 
is  quite  different  from  pointwise  suction.  As  discussed  earlier,  the 
velocity  through  the  wall  is  larger  for  pointwise  suction  since 
the  hole  diameter  (i.e.,  actual  suction  area)  is  small.  Although  this 


Table  1  Suction  conditions 


Case 

Cs  X  10-’ 

Qs,  cm^/s 

v^/u„ 

Optimum 

2.4 

1. 2* 

0.29 

Moderate 

12 

3.5* 

0.88 

Large 

20 

9.6* 

2.44 

Asymptotic 

300^ 

0.003 

^For  an  effective  suction  area  of  96  cm*  which  is  necessary  to  afTect 
one  typical  low-speed  streak. 

•’Based  on  an  assumption  of  comparable  effective  area. 
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Fig.  3  Time-averaged  velocity  profile  in  the  normal  direction  atx  ■  80 
cm  for  pointwise  suction  applied  at  X  »  40cm,z  *  8.2  cm;  x  no  suction, 
o  Cs  *  7.2  X  •  C5  *  20  X  10“*:  a)  profile  over  the  low-speed 
region,  z  «  8.2  cm  and  b)  profile  over  the  high-speed  region,  z  “  7.0  cm. 

suction  velocity  through  the  wall  may  be  relatively  large  locally, 
the  overall  suction  rates  (e.g.,  Qs)  necessary  to  affect  a  given  area 
is  much  smaller  since  suction  is  applied  selectively.  Measurements 
were  not  taken  in  the  immediate  vicinity  of  the  suction  holes,  but 
farther  downstream  since  the  purpose  of  the  present  experiment  is 
to  determine  the  effect  of  selective  suction  on  the  breakdown  of  the 
low-speed  streaks. 

Figure  3  shows  the  velocity  profile  in  the  normal  direction  at  span- 
wise  locations  over  the  low-  and  high-speed  regions.  The  velocity 
profile  for  the  no  suction  case  in  Fig.  3a  is  inflectional  and  unstable. 
When  suction  is  applied,  the  profile  becomes  fuller  and,  therefore, 
more  stable.  Although  normal  profile  measurements  for  optimum 
suction  (Cs  =  2  A  x  10“^)  were  not  taken,  the  missing  velocity  pro¬ 
file  should  fall  between  the  no  suction  and  moderate  suction  cases. 
Since  the  suction  is  applied  pointwise  in  this  experiment,  the  effect 
of  suction  is  not  felt  in  the  high-speed  region  shown  in  Fig.  3b,  and 
the.se  profiles  remain  virtually  unchanged. 

The  smoke  wire  flow-visualization  results,  with  and  without  suc¬ 
tion,  are  shown  in  Fig.  4.  Each  photograph  encompasses  a  span- 
wise  region  including  seven  low-speed  streaks  (although  the  streak 
at  z  =  —0.6  cm  is  somewhat  obscured  by  the  reference  center- 
line).  Suction  was  applied  upstream  at  x  =  40  cm  under  these 
low-speed  streaks  (and  two  others  outside  the  photographic  field  of 
view).  For  the  no  suction  case  in  Fig.  4a,  the  low-speed  streaks  de¬ 
velop  a  sinuous  motion  instability  starting  from  about  x  1 15  cm. 


Fig.  4  Smoke  wire  flow  visualization  with  and  without  suction,  flow 
direction  left  to  right,  horizontal  and  vertical  white  reference  lines  10  cm 
apart,  suction  holes  (at  z  ■  —3.3,  —0.6, 3,3, 5.9, 8.2, 10.7, 14.4, 18.5, 
and  22.7  cm)  indicated  by  x .  Although  hole  locations  are  shown  in  a),  no 
suction  was  applied  in  this  case;  typical  breakdown  location  for  the  five 
upper  streaks  [Le.,  those  in  the  range  —0.6  <  z  (cm)  <  10.7]  is  indicated 
by  B;  a)  no  suction  case,  b)  €$  “  2,4  x  10“*,  c)  Cs  ■  7.2  x  10“*,  and 
d)  Cs  -  20  X  10“*. 
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Fig.  5  Typical  breakdown  location  as  a  function  of  suction  coefficient. 
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Fig.  6  Time-averaged  velocity  profile  in  the  spanwise  direction  at  x  =* 
80  cm,  y  ^  0.2  cm,  pointwise  suction  is  applied  at  x  »  40  cm,  z  ^  8.2 
cm  (indicated  by  the  dashed  lines);  X ,  no  suction,  A  Cs  »  2.4  x  10“^, 
o  Cs  -  7.2  X  10-^  and  •  Cs  -  20  x 


This  instability  leads  to  the  breakdown  of  the  low-speed  streaks  by 
X  ^  120-125  cm.  For  the  optimum  suction  case  shown  in  Fig.  4b, 
the  sinuous  motion  instability  is  delayed  until  x  ^  125-130  cm, 
and  breakdown  does  not  occur  until  x  ^  135-140  cm.  This  delay¬ 
ing  effect  is  especially  significant  in  light  of  the  fact  that  the  applied 
suction  rate  is  extremely  small,  i.e.,  about  two  orders  of  magnitude 
smaller  than  the  suction  rate  required  for  an  asymptotic  profile.  At 
a  moderate  suction  rate  shown  in  Fig.  4c,  there  is  a  delay  of  about 
5  cm  (compared  to  the  no  suction  case)  for  the  onset  of  sinuous 
motion  instability  and  breakdown  of  the  low-speed  streak.  This  is 
not  as  significant  a  delay  as  the  optimum  suction  case.  A  closer 
examination  of  the  flow-visualization  results  reveal  that  the  smoke 
in  the  center  of  individual  low-speed  streaks  is  often  nonexistent. 
The  low-speed  streaks  at  z  ^  3  cm  and  8  cm  in  Fig.  4c,  for  ex¬ 
ample,  have  dark  smokeless  center  regions  when  compared  to  the 
same  low-speed  streaks  in  Fig.  4a.  The  smokeless  regions  may  be 
due  to  smoke  removal  by  the  suction  ports.  Another  possibility  is 
the  presence  of  a  local  high-speed  region  since  the  smoke  tends  to 
coalesce  in  low- speed  regions.  In  Fig,  4d,  the  photographic  field 
of  view  shown  is  10  cm  upstream  of  the  other  flow- visualization 
photographs.  It  is  evident  that  the  high-suction  rate  has  precipi¬ 
tated  a  premature  breakdown  of  the  low-speed  streaks.  A  closer 
examination  of  the  flow-visualization  results  for  the  higher  suction 
rates  indicate  that  the  number  of  low-speed  streaks  has  doubled 
over  the  spanwise  region  where  suction  was  applied  as  discussed 
later  on. 

Figure  5  summarizes  the  effect  of  suction  rate  on  the  breakdown 
of  the  low-speed  streaks.  These  results  are  based  on  flow  visualiza¬ 
tions  similar  to  those  shown  in  Fig.  4.  For  each  suction  rate,  the  range 
of  breakdown  locations  observed  during  multiple  flow- visualization 
runs  are  shown  in“  Fig.  5.  A  consistent  trend  in  the  low-speed  streak 
breakdown  location  is  shown  by  the  figure.  The  breakdown  is  de¬ 
layed  farther  downstream  as  the  suction  rate  is  increased  from  zero 
up  through  the  optimum  suction  rate  of  Cs  =:  2.4  x  10“^.  However, 
as  the  suction  rate  is  increased  beyond  optimum,  breakdown  begins 
to  move  upstream.  The  reason  for  this  early  breakdown  becomes 
apparent  when  the  spanwise  velocity  profile  is  examined. 

The  velocity  profile  in  the  spanwise  direction  for  the  four  different 
cases  are  shown  in  Fig.  6.  The  no  suction  case  indicates  that  the  low- 
speed  streak  is  centered  at  about  z  ^  8.2  cm.  It  is  evident  from  the 
figure  that  pointwise  suction  produces  a  higher  speed  flow  where  a 
low-speed  region  existed  in  the  no  suction  case.  At  moderate  suction 
rate,  this  higher  speed  flow  at  z  =  8.2  cm  is  strong  enough  to  locally 
impede  the  coalescence  of  smoke  particulates  near  the  streak  center 
as  shown  in  Fig.  4c.  The  optimum  and  moderate  suction  rate  cases 
produce  the  higher  speed  flow  in  the  immediate  vicinity  of  the  suc¬ 
tion  hole  without  significantly  affecting  other  spanwise  regions.  At 
the  high-suction  rate,  the  velocity  at  z  =  8.2  cm  is  higher  speed  than 
even  the  archetypical  high-speed  regions  at  z  =  7  cm  and  z  %  10 
cm.  Furthermore,  the  midspan  regions  of  z  =  7.6  and  8.7  cm  arc 
transformed  into  low-speed  regions  with  velocities  comparable  to 
the  no  suction  case  low-speed  region.  Consequently,  for  the  high- 
suction  rate  case,  there  are  twice  as  many  low-speed  regions,  and 


y  (cm) 


Fig.  7  Time-averaged  velocity  profile  in  the  normal  direction  at  x  *  80 
cm.  Although  not  explicity  shown,  the  velocity  profile  at  the  high-speed 
region  for  the  no  suction  case  is  quite  similar  to  the  velocity  profile  at 
z  ”  7.0  cm  for  the  large  suction  case  (as  shown  in  Fig.  3b):  no  suction 

- low-speed  region,  z  *■  8.2  cm  and  -  -  -  -  mid-speed  region,z  “  7.6 

cm;  Cs  ■  20  x  10”®,  large  suction  o  at  z  “  8.2  cm,  t  at  z  *  7.6  cm,  and 
•  at  z  *  7.0  cm. 

the  spacing  between  low-speed  streaks  (as  well  as  the  Gortler  vor¬ 
tex  wavelength)  has  thus  been  halved.  Myose  and  Blackweldei® 
found  that  a  reduction  in  the  Gortler  vortex  wavelength  resulted  in 
early  onset  of  secondary  instability  and  breakdown  of  the  low-speed 
streaks.  Both  the  wavelength  halving  and  the  early  breakdown  are 
consistent  with  the  flow-visualization  result  of  Fig.  4d. 

A  further  comparison  between  the  high-suction  rate  and  no  suc¬ 
tion  cases  are  presented  in  Fig.  7.  High  suction  transforms  the  in¬ 
flectional  profile  at  z  =  8.2  cm  (long  dashed  line)  into  a  profile  (o) 
which  is  fuller  than  the  archetypical  high-speed  region  at  z  =  7.0 
cm  {•).  In  the  midspan  region  (z  =  7.6  cm),  high  suction  results  in 
a  profile  (t)  which  is  more  inflectional  than  the  profile  in  the  low- 
speed  region  of  the  no  suction  case  (long  dashed  line).  Swearingen 
and  Blackwelder^  found  that  the  normal  profile  became  more  inflw- 
tional  in  the  low-speed  region  and  fuller  in  the  high-speed  region 
as  the  flow  develop  downstream  and  became  unstable.  This  sug¬ 
gests  that  the  flow  is  highly  unstable  at  high-suction  rate.  Figure  6 
also  indicates  that  spanwise  shear  (dU/dz)  in  the  profile  at  hi^- 
suction  rate  is  significantly  larger  than  the  no  suction  case.  Swearin¬ 
gen  and  Blackwelder^  found  that  inflectional  spanwise  profiles  and 
large  spanwise  shear  cause  flow  instability  just  as  inflectional  nor¬ 
mal  profiles  do.  Therefore,  the  flow  is  actually  made  more  unstable 
when  suction  is  applied  at  too  high  a  rate.  V^en  selective  suction 
is  properly  applied  as  in  the  optimum  and  moderate  suction  cares, 
a  fuller,  more  stable  profile  is  produced  in  the  normal  direction 
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whereas  in  the  spanwise  direction  the  velocity  difference  between 
low-  and  high-speed  regions  are  diminished.  In  such  a  case,  the  on¬ 
set  of  sinuous  instability  and  breakdown  of  the  low-speed  streak  is 
delayed  as  illustrated  in  Fig.  4. 

Additional  suction  methods  were  attempted  to  try  and  obtain  fur¬ 
ther  delays  in  the  onset  of  instability  and  breakdown.  These  attempts 
included  the  use  of  larger  0.3-cm-diam  holes  (at  x  =41  cm),  in¬ 
creasing  the  number  of  suction  holes  from  9  to  27  (0.1  cm  diameter 
at  ;c  =  30, 40,  and  55  cm),  and  employing  a  plenum  system  of  72 
holes  (0.1  cm  diameter  at  5-cm  intervals  between  =  35  and  70  cm); 
however,  suction  was  still  applied  only  under  the  low-speed  streaks. 
These  methods  were  employed  with  the  idea  that  suction  would  be 
applied  more  gently  and  over  a  longer  downstream  distance.  None  of 
these  methods  resulted  in  further  delays  of  breakdown  onset.  Since 
the  low-speed  streak  is  located  directly  above  the  suction  port  (see 
Fig.  2),  the  effect  of  suction  will  be  felt  more  strongly  in  the  normal 
direction  than  in  the  spanwise  direction.  To  reduce  the  spanwise 
velocity  difference  between  the  high-  and  low-speed  regions  and, 
hence,  reduce  the  spanwise  inflectional  profile,  additional  suction 
ports  would  need  to  be  employed  with  a  spanwise  displacement.  This 
application  of  selective  suction  would  alleviate  the  additional  span- 
wise  inflection  points  introduced  by  the  strong  suction  (see  Fig.  6) 
and  possibly  delay  the  breakdown  farther  downstream.  An  alterna¬ 
tive  approach  would  be  to  apply  suction  in  the  low-speed  region  and 
injection  in  the  high-speed  region  as  suggested  by  Gad-el-Hak  and 
Blackwelder.®  Neither  of  these  methods  was  attempted  during  the 
course  of  this  experiment. 

Conclusions 

Selective  suction  has  a  significant  effect  upon  the  low-sf>eed  re¬ 
gions  and  their  breakdown  according  to  the  present  experiment. 
Results  indicate  that  suction  should  be  applied  in  such  a  manner 
that  a  more  stable  fuller  profile  is  promoted  in  the  normal  direction 
without  generating  an  additional  instability  in  the  spanwise  direc¬ 
tion.  Con.sequently,  an  ideal  control  method  should  produce  a  fuller 
profile  in  the  normal  direction  and  eliminate  the  difference  between 
low-  and  high-speed  regions  in  the  spanwise  direction.  At  optimum 
suction  rates,  selective  suction  successfully  delayed  the  breakdown 


of  the  low-speed  region,  and  by  analogy  should  reduce  the  produc¬ 
tion  of  turbulent  energy  in  a  turbulent  boundary  layer.  The  main 
conclusion  from  this  study  is  that  the  suction  rate  necessary  for  de¬ 
lay  of  breakdown  was  significantly  reduced  (by  about  two  orders  of 
magnitude)  by  selective  application  of  suction  at  judiciously  chosen 
spanwise  locations. 
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Abstract 

The  delay  of  the  break-down 
of  counter-rotating  streamwise 
vortices  generated  by  a  Gortler 
instability  in  a  boundary  layer  on 
a  concave  wall  was  studied.  The 
vortices  were  subjected  to  a  small 
2unplitude  excitation  produced  by  a 
delta  wing  positioned  on  the  wall 
in  a  low  speed  region  so  that  it 
sheds  vortices  opposite  in  sign  to 
that  of  the  GSrtler  system.  Smoke 
wire  visualization  and  hot-wire 
measurements  have  been  made 
downstrecun  for  a  variety  .of 
oscillation  modes.  Results  show 
that  a  very  small  amplitude 
oscillation  is  sufficient  to 
reduce  the  spanwise  shear  and 
delay  the  break-down  of  the 
streeuawise  vortices.  The  spanwise 
shear  plays  a  more  prominent  role 
in  the  transition  to  turbulence 
than  the  vertical  shear  which  is 
consistent  with  the  results  of 
Swearingen  &  Biackwelder (1987) . 


Introduction 

The  growth  and  breedc-down  of 
streamwise  vortices  in  the 
presence  of  a  concave  wall  was 
recently  investigated  experiment¬ 
ally  by  Swearingen  &  Biackwelder 
(1987) .  They  found  that  the 
development  of  Gortler  vortices 
can  be  divided  into  five  stages: 
receptivity,  GSrtler  linear 
instability  and  amplification, 
secondary  instability,  nonlinear 
eunplification  and  breakdown.  The 
first  stage,  receptivity,  was 
concerned  with  how  the  environ¬ 
mental  disturbances,  such  as  free- 
streeun  perturbations  and  wall 
roughness,  were  coupled  with  the 
boundary  layer  to  produce  growing 
disturbances  in  the  flow  over  a 
concave  wall.  The  second  stage, 
linear  instability,  produced  the 
well  known  linear  growth  of  the 
GSrtler  streamwise  vortices. 
These  streamwise  vortices  do  not 
cause  transition  by  themselves  but 
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they  set  up  a  flow  field  that  was 
unstable  to  other  disturbances 
leading  to  the  secondary  instabil¬ 
ity  stage  which  produce  higher 
growth  rates.  These  disturbances 
rapidly  become  nonlinear  and  lead 
to  the  break-down  stage.  It  was 
found  that  the  streamwise  velocity 
became  inflectional  both  in  the 
spanwise  direction  and  vertical 
direction.  However  the  inflec¬ 
tional  shear  layer  developed  much 
earlier  in  the  spanwise  direction 
than  the  vertical  direction.  Con¬ 
sequently  the  spanwise  shear  was 
more  closely  correlated  with  the 
maximum  fluctuating  streamwise 
velocity  than  the  vertical  shear. 

On  the  theoretical  side,  Hall 
&  Seddougui  (1989)  have  inves¬ 
tigated  the  onset  of  three-dimen¬ 
sionality  and  time-dependence  in 
Gdrtler  vortices.  They  showed 
that  the  flow  field  can  be  divided 
into  five  layers  with  the  vortex 
activity  confined  to  the  mid 
region  of  the  boundary  layer.  The 
secondary  instabilities  are  con¬ 
fined  to  small  shear  layers  ad¬ 
joining  the  vortices.  The  vortex 
activity  grows  as  the  flow  moves 
downstream  until  it  eventually 
occupies  almost  all  of  the 
boundary  layer. 

Blackwelder  (1983)  studied 
the  analogy  between  transitional 
and  turbulent  boundary  layer  and 
found  many  similarities  between 
the  two  flows.  The  first  simi¬ 
larity  is  the  existence  of  stream- 
wise  vortices  in  each  flow  field. 
These  vortices  were  argued  to  be 
responsible  for  elongated  low 
speed  regions  appearing  at  their 
side  in  both  flows.  The  low  speed 
streaks  was  concomitant  with  the 
development  of  the  spanwise 
inflectional  velocity  profiles  in 
the  low  speed  regions  due  to  the 
streamwise  vortices  in  both  of  the 


flow  fields.  An  additional 
similarity  is  the  break  down  of 
the  streamwise  vortices  which 
cause  the  flow  transition  to 
turbulence  in  the  transitional 
flow  or  produced  the  turbulence  in 
the  fully  developed  flow  field. 
He  also  pointed  out  that  the 
streamwise  vortices  play  a  very 
important  role  in  the  production 
of  turbulent  energy  in  turbulent 
boundary  layer.  For  this  reasons, 
if  the  stream  vortices  in  the 
Gortler  flow  can  be  controlled, 
knowledge  of  the  controlling 
techniques  will  be  very  useful  in 
understanding  how  to  control  the 
turbulent  boundary  layer. 

Thus  this  work  was  undertadcen 
to  determine  the  susceptibility  of 
streamwise  vortices  to  small 
amplitude  excitations  with  the 
goal  of  delaying  the  break-down  of 
the  vortices. 


Experimental  Conditions 

The  experiments  were  con¬ 
ducted  in  the  University  of 
Southern  California  Gdrtler  wind 
tunnel  described  in  detail  by 
Swearingen  &  Blackwelder  (1987). 
The  concave  test  plate  has  a  span 
of  1.2m,  is  2.4m  long,  and  has  a 
radius  of  curvature  of  3.0m.  The 
freestream  u'  turbulence  level  was 
less  than  0.07%  and  spanwise 
deviations  in  the  free  stream 
velocity  along  the  spanwise 
direction  were  less  than  0.5% 
across  the  test  section. 

The  excitation  system  for 
introducing  the  controlling 
vortices  into  the  flow  is  shown  in 
Figvire  1.  The  primary  component 
was  a  small  delta  wing  made  of 
spring  steel  (C-1095,  product  of 
Lyon  Industries) .  The  leading 
edge  was  swept  75*  back  from  the 
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Figiire  1.  Schematic  of  excitation 
system,  (a)  plan  view,  (b)  side 
view. 


mean  flow.  It  had  a  chord  of  44 
mm  and  a  thic)cness  0.1mm.  The 
spanwise  length  of  22  mm  was 
approximately  the  distance  between 
the  naturally  occxirring  Gdrtler 
stationary  vortices.  The  delta 
wing  was  mounted  flush  with  the 
wall  at  a  streamwise  location  38cm 
from  the  leading  edge.  To  produce 
stream-wise  vortices  opposite  in 
sign  to  the  existing  ones,  the 
delta  wing  was  placed  in  the  low 
speed  region  of  fluid.  It  was 
excited  by  a  speedeer  coil  located 
on  the  non-working  side  of  the 
convex  plate  and  connected  to  the 
delta  wing  by  a  small  shaft 
attached  20  mm  down-stream  of  the 
its  apex.  The  speedeer  was  driven 


by  an  oscillator  which  controlled 
its  frequency  and  amplitude.  The 
trailing  edge  of  the  delta  wing 
was  permanently  attached  to  the 
concave  plate  by  tape  so  that  the 
excitations  moved  the  delta  wing 
from  a  zero  angle  of  attack  to 
some  finite  value  and  back  to 
zero.  The  amplitude  of  the 
oscillation  was  measured  by  a 
Bently  Nevada  proximitor  gage, 
model  3000,  shown  in  figure  l. 

The  streamwise  velocity  was 
measured  by  a  single  hot-wire 
probe  described  by  Swearing  and 
Blackwelder (1987) .  The  probe  was 
located  1.20  m  downstream  of  the 
leading  edge  of  the  concave  wall. 
It  was  mounted  on  a  traverse  con¬ 
trolled  by  a  PC  computer  which 
could  move  the  probe  in  the  span- 
wise  and  normal  directions.  The 
accuracies  in  the  normal  and  span- 
wise  directions  were  0.02  mm  and 
0.05  mm  respectively.  The  un¬ 
filtered  signals  were  sampled  by 
RC  Electronics  ISC-16  analog-to- 
digital  converters  which  were 
controlled  by  the  computer.  The 
analog  to  digital  converters  had  a 
maximum  throughput  of  500  khz  per 
channel.  An  actual  digitizing 
rate  of  1000  samples/sec  was  used 
and  the  digitized  samples  were 
then  stored  on  a  hard  disk. 

A  smoke  wire  was  used  to 
visualize  the  low  speed  streadcs 
and  their  subsequent  break  down. 
It  was  mounted  1.0  mm  from  the 
wall  parallel  to  the  test  plate. 
It  was  oriented  vertically  along 
the  spanwise  direction  so  that  the 
oil  droplets  could  flow  along  the 
wire  via  gravity.  The  wire  heat¬ 
ing  was  controlled  by  a  home  made 
timing  circuit.  Best  visuali¬ 
zation  was  obtained  when  it  was 
placed  at  X  s  60cm  from  the  lead¬ 
ing  edge  of  the  concave  wall. 
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Figure  2.  Flow  Visualization 
without  excitation.  The  delta  wing 
exciter  is  located  at  x  =  38  cm 
and  2  =  2.5cm  under  the  low  speed 
region  denoted  by  'E.' 


Results  and  Discussions 

A  visualization  of  the  low 
speed  regions  between  the 
undisturbed  GSrtler  vortices  is 
shown  in  figure  2  for  the  region 
104  to  126  cm  downstream  of  the 
leading  edge  of  the  concave  plate. 
The  flow  is  from  left  to  right  and 
roughly  five  low  speed  regions 
filled  with  smoke  are  shown.  Two 
of  the  streaks  in  the  middle  of 
the  photo  are  seen  to  be  in  the 
process  of  transition  from  a 
launinar  state  to  a  turbulent  one. 
Their  natural  oscillations  have  a 
wave  length  of  approximately  3cm 
and  a  frequency  of  roughly  llOHz. 
The  delta  wing  actuator  is  located 
upstream  tinder  the  streak  marked 
by  'E.'  It  was  installed  but  not 
excited  during  the  filming  of 
figure  2.  Figure  3  shows  the  same 
flow  region  but  with  the  delta 
wing  oscillating  at  lOOHz  and  an 
amplitude  of  0.10mm.  As  seen  in 
the  figure,  the  oscillation  and 


Figure  3.  Flow  visualization  of 
the  same  flow  field  as  in  figure  2 
but  with  the  delta  wing  oscil¬ 
lating  at  f  =  100  Hz  with  an 

amplitude  of  0.1mm. 


transition  of  the  'E'  streak  have 
been  delayed  at  least  10cm 
downstream. 

Figure  4  shows  measurements 
of  the  mean  streamwise  velocity  as 
a  function  of  the  spanwise 
direction.  For  this  data,  the 
hot-wire  probe  was  traversed  in 
the  spanwise  direction  at  a 
distance  of  16  mm  from  the  wall. 
This  location  is  in  the  outer 
region  of  the  boundary  layer  and 
the  velocity  fluctuations  in  the 
low  speed  region  were  a  maximum 
there.  The  magnitude  of  the 
velocity  deficit  in  the  low  speed 
region  was  always  reduced  by  the 
excitation  as  seen  in  the  figure. 
Not  only  is  the  deficit  reduced  by 
the  excitation,  but  the  region, 
and  thus  extent,  of  the  strong 
spanwise  shear  is  reduced.  The 
corresponding  decrease  in  the 
streamwise  velocity  fluctuations 
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Figure  4.  Spanwise  velocity 
profile  at  y  =  16inm. 


is  found  in  figure  5.  It  is  clear 
from  these  two  figures  that  only  a 
very  small  amplitude  oscillation 
is  sufficient  to  have  a  strong  and 
remarkable  effect  on  the 
transitional  boundary  layers. 

The  effect  of  the  excitation 
amplitude  on  the  normal  velocity 
profile  is  shown  in  figure  6  for  a 
constant  frequency  of  100  Hz.  As 
the  emplitude  increased,  the  mean 
velocity  gradient  in  the  upper 
region  increased.  Thus  although 
the  spanwise  shear  was  reduced  in 
figure  4,  the  vertical  shear 
increased.  Since  the  spanwise 
shear  was  reduced  and  the  breeJc- 
down  moved  downstream  when  the 
pertiirbation  was  turned  on,  this 
suggests  that  the  breakdown  was 
due  to  the  spanwise  shear  and  not 
to  the  vertical  shear,  in  agree¬ 
ment  with  the  results  obtained  by 
Swearingen  &  Blaclcwelder  (1987). 
There  was  a  small  change  in  the 
mean  U(y)  velocity  profile  when 
the  oscillation  amplitude  in- 


Figure  5.  The  fluctuating  velocity 
profiles  at  y  »  i6mm. 


creased  from  zero  to  0.092mm. 
However,  a  much  larger  effect  was 
observed  when  the  excitation 
eunplitude  increased  fxirther  to 
0.1mm.  It  was  surprising  that  the 
thin  shear  layer  was  very  sensi¬ 
tive  to  the  excitation  euaplitude 
after  the  amplitude  increased 
beyond  some  critical  point.  This 
non-linearity  was  observed  in 
several  of  the  measurements  and  is 
presently  unexplained.  The  mean 
velocity  below  the  strong  sheau: 

region  was  almost  constant  for  the 
three  amplitudes  of  oscillation. 
Figure  7  shows  the  streamwise 
velocity  fluctuations 
corresponding  to  figure  €.  The 
maximum  fluctuation  was 

dramatically  reduced  for 

amplitudes  exceeding  0.092mm. 

Figtire  8  presents  the  mean 
velocity  profiles  in  the  vertical 
direction  at  varying  amplitudes 
and  frequencies .  At  each 

frequency,  the  amplitude  was 
chosen  to  yield  a  nearly  constant 
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6. Mean  velocity  profiles 
s=  2.4  cm  and  f  =  lOOHz. 


Figure  7. RMS  velocity  profiles 
corresponding  to  the  flow  in 
figure  6. 


Figure  8.  Mean  velocity  profiles 
normal  to  the  wall  at  z  »  2.4  cm. 


fluctuation  value  of  0.03*Ua,  at 
the  location  of  the  strong  shear; 
i.e.  at  0.6  <  y/6  <  0.7.  as 
shown  in  figure  9.  For  fre¬ 
quencies  from  100  Hz  to  400  Hz, 
this  procedure  successfully 
reduced  the  maximvim  normalized 
fluctuation  velocity  from  0.08  to 


Figure  9.  RMS  velocity  profiles  in 
the  normal  direction  at  z  «  2.4 
cm. 


about  0.03  -  0.04  as  seen  in 
figure  9.  For  all  above  cases, 
the  mean  spanwise  velocity  deficit 
was  reduced  in  the  upper  regions 
of  the  boundary  layer (not  shown), 
but  the  spanwise  profiles  were 
almost  constant  below  this  region. 
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Figure  10.  Mean  velocity  profiles  Figure  11.  RMS  velocity  profiles 
at  X  =  1.2m  at  X  =  1.2  m. 


Figure  10  compares  the 
changes  of  the  mean  velocity 
profiles  in  the  spanwise  direction 
in  the  upper  and  lower  regions  of 
the  boundary  layer  with  and 
without  excitation.  The 

corresponding  velocity 
fluctuations  are  shown  in  figure 
11.  At  the  lower  level,  the 
excitation  did  not  cause  much 
change  in  the  mean  velocity  nor 
the  fluctuation  velocity. 
However,  the  excitation  causes 
significant  change  for  both  the 
mean  and  fluctuation  velocity  at 
the  upper  layer.  The  above 

measurements  (including  figure  4 
to  figure  11)  indicated  that  the 
secondary  instability  occurs  at 
the  upper  thin  shear  layer.  In 
addition,  the  small  amplitude 
excitation  mainly  changed  the 
spanwise  shear  in  the  upper 
region.  This  change  appears  to 
delay  the  secondary  instability 
which  is  consisted  with  the 
results  of  Hall  &  Seddougui 
(1989) . 


Figure  12  shows  the 
amplitude  required  to  reduce  the 
maximum  fluctuation  velocity  from 
0.08  to  about  0.04  at  different 
frequencies  of  excitation.  The 
figure  indicates  that  for  the 
higher  frequencies,  smaller 
excitation  amplitude  are  needed. 
The  scale  on  the  right  hand  side 
shows  that  the  required  amplitudes 
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Figure  12 •  The  relationship 
between  excitation  the  amplitude 
and  the  frequency. 


15 


V'(m/s) 


Figure  13.  The  relationship  Figure  14. The  relationship  between 

between  the  disturbance  velocity  the  energy  and  the  frequency, 

and  the  frequency. 


are  comparable  to  the  viscous 
scale  in  the  boundary  layer,  v/u^, 
where  u-  is  the  friction  velocity. 
The  friction  velocity,  u^,  was 
calculated  assuming  a  Blasius 
boundary  layer  (see  Blackwelder 
1983)  by 

^  =  0.576*i2e_'^/^ 

cr.  * 


Figure  13  presents  the 
relationship  between  amplitude  of 
the  distxirbance  velocity  and  the 
frequency  of  oscillation  required 
to  reduce  the  fluctuation  velocity 
at  X  =  1.20m  by  50%.  This  data 
corresponds  to  the  data  in  figure 
12.  The  disturbance  velocity  was 
calculated  by  v'  =  2tr*A*f  where  A 
is  the  eunplitude  and  f  is  the 
frequency  of  the  oscillation.  The 
higher  the  frequency,  the  larger 
the  disturbance  velocity  needed. 
Note  the  right  hand  scale  shows 
that  the  velocity  of  the  delta 
wing  is  of  the  order  of  the 
friction  velocity  in  the  boundary 
layer . 


For  the  active  control,  the 
power  required  to  execute  the 
control  is  one  of  the  more 
important  parameters.  Figure  14 
illustrates  how  a  measure  of  the 
power  obtained  by  A^f^  increases 
as  the  frequency  of  the 
perturbation  increases.  Hence  it 
would  appear  that  it  would  be  more 
desirable  to  operate  the  actuator 
at  the  lower  frequencies. 


Discussion  and  Conclusions 

The  above  results  indicate 
that  the  break-down  of  streamwise 
vortices  embedded  in  a  laminar 
boundary  layer  was  delayed  only 
when  the  mean  velocity  in  the 
upper  region  of  the  boundary  layer 
was  changed.  The  delta  wing  was 
mounted  flush  with  the  wall  and 
had  a  maximum  amplitude  of  1  to 
2v/u^.  Thus  disturbances  gene¬ 
rated  at  the  wall  were  definitely 
influencing  the  flow  in  the  outer 
regions  of  the  boundary  layer.  If 
the  disturbances  had  been  pressure 
disturbances,  their  effect  would 
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most  likely  have  been  largest  near 
the  point  of  excitation  and  would 
have  affected  the  flow  field 
further  upstream.  Thus  it  is  felt 
that  the  pressure  perturbation 
associated  with  the  disturbances 
are  not  as  important  as  the 
vortical  perturbations.  Since 
delta  wings  are  known  to  generate 
counter-rotating  trailing 
vortices,  this  type  of  a 
disturbance  seems  to  be  the  most 
predominate.  Hence,  the 
perturbing  vortices  must  migrate 
from  the  wall  outward  to  affect 
the  outer  region  of  the  boundary 
layer. 

A  simplified  model  of  the 
interaction  seems  elusive  at  this 
time  since  the  disturbance 
vortices  are  generated  in  a 
strongly  viscous  region.  The 
induced  flow  of  the  GSrtler 
vortices  will  move  the  pair  of 
disturbance  vortices  toward  each 
other  and  away  from  the  wall  as 
shown  in  figure  15.  On  the  other 
hand,  the  interaction  of  the  delta 
wing  vortices  with  themselves  will 
tend  to  move  each  other  toward  the 
wall.  Thus  a  larger  amplitude  of 
the  disturbance  vortices  would 
tend  to  inhibit  their  outward 
migration.  Counter  balancing  this 
effect  is  the  viscous  decay.  As 
the  disturbance  vortices  move 
downstream,  they  will  decay, 
especially  while  in  the  viscous 
region  of  the  botindary  layer  near 
the  wall.  Thus  the  effects 
reaching  the  outer  region  of  the 
boundary  layer  will  depend  upon  a 
nonlinear  viscous  interaction  of 
both  sets  of  vortices.  In 
addition,  the  diameters  and  length 
scales  of  the  vortices  will  also 
affect  the  results.  Thus  one 
conclusion  is  that  the  movement  of 
the  disturbance  vortices  must 
depend  upon  the  relative  location 
and  strengths  of  the  different 
sets  of  the  vortices.  This  may 


Giirtler  Vortices 


Figure  15.  The  relative  position 
of  the  disturbance  vortices  and 
the  Gdrtler  vortices. 


help  explain  the  non-linearity 
encountered  in  the  amplitude  of 
the  disturbance. 

Another  question  arising  in 
this  investigation  concerns  the 
need  for  the  unsteadiness  of  the 
disturbance  vortices.  At  first 
thought,  it  would  appear  that  a 
steady  set  of  vortices  of 
comparable  amplitude  would  be  as 
effective  in  delaying  the 
breakdowns  of  the  GSrtler  system. 
However  when  the  delta  wing  was 
set  at  a  constant  angle  of  attack 
at  amplitudes  comparable  to  those 
in  Figures  9,  11,  12,  etc.,  the 
flow  downstream  did  not  display  a 
large  change  and  transition 
remained  in  the  same  relative 
position.  As  the  angle  of  attack 
of  the  delta  wing  continued  to 
increase,  the  transition  point 
suddenly  moved  upstream  when  the 
amplitude  was  approximately  2mm. 
Evidently  the  steady  disturbance 
had  little  effect  on  the  breakdown 
until  it  was  so  large  that  it 
acted  more  like  a  traditional 
roughness  element.  On  the  other 
hand,  the  actuator  was  most 
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effective  in  reducing  the  velocity 
fluctuations  downstream  when  it 
was  oscillated  near  the 
fundamental  frequency (or  a 
harmonic  thereof)  of  the  natural 
oscillations  seen  in  figure  2. 
This  effect  is  being  studied 
further . 


Thus  in  conclusion,  the  smoke 
wire  visualization  and  the  hot¬ 
wire  data  have  both  showed  that  a 
significant  delay  of  the  break¬ 
down  of  streamwise  vortices 
embedded  in  a  boundary  layer  can 
be  achieved  by  a  very  small 
amplitude  excitation.  The 
secondary  instability  preceding 
breakdown  can  be  delayed  only  when 
the  disturbance  vortices  exceed 
some  critical  amplitude  and  have 
moved  away  from  the  wall.  The 
spanwise  shear  plays  a 
prominent  role  in  the  transition 
to  turbulence  than  the  vertical 
shear  which  is  consistent  with  the 
earlier  results  of  Swearingen  & 
Blackwelder. 
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